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The mechanism by which voltage-dependent ion channels sense membrane potentials has been
the most intensively studied and debated topic in modern ion channel research. In this issue, Xu
et al. (2010) provide new insights into the minimal topological and physicochemical features
required for voltage sensing.Voltage-dependent channels transduce
the energy accumulated in the electric
field across the membrane into protein
motion. They share a common structural
blueprint (Figure 1A), in which a centrally
located pore domain, which is responsible
for ion permeation and selectivity, is linked
to a peripheral four-helix voltage-sensing
domain (VSD) that responds to the size
and orientation of the transmembrane
electric field (Yellen, 2002). Although the
mechanistic details of how VSDs perform
their function are still controversial, a
wealth of structural and functional data
suggests that the S3 and S4 a helices
form a stable hairpin called the paddle
motif (Clayton et al., 2008; Long et al.,
2007) (Figure 1). The S4 helix in particular
is thought to move within the electric field
and influence channel opening through its
interaction with the activation gate (Beza-
nilla, 2008). In this issue, Xu et al. (2010)
define the minimal features of a functional
voltage sensor and show that much of the
paddle may be dispensable.
At the physiological resting state, driven
by a negative voltage field, the paddle is
thought to push on the activation gate,
keeping it in its closed conformation.
Depolarization (or removal of the electric
field) is thought to promote S4 rearrange-ments within the paddle, easing the con-
formational bias on the gate and opening
the channel. Prior efforts have provided
an in-depth understanding of the role of
individual residues in the paddle. The cur-
rent findings by Xu et al. underscore the
notion that to probe the sensor’s function-
ality, we need to include the next level of
structural organization—the a helix.
They accomplish this through a series
of experiments in which parts of the VSD
of the Shaker potassium channel are trun-
cated (Figure 1C). They remove strategi-
cally located residue ‘‘triplets,’’ com-
prising almost full turns of a helices (or a
310 helix) in the S3b, linker, and S4 regions
and then assess channel behavior. The
systematic deletion of individual triplets
from the S3b and S4 regions reveals
predictable changes in the VSD’s ability
to sense voltage (the steepness of the
conductance versus voltage, or G-V
curves) and for the most part produces
only marginal shifts in the amount of
energy required to move the sensor (the
midpoint of the G-V curves).
The authors move on to more radical
deletions in the VSD, beginning with the
removal of two sequential triplets at a
time. Ultimately, all 43 residues com-
prising the top of the paddle are replacedwith one glyine triplet. This deletion re-
moves most of the S3b segment, the
entire linker, and a large portion of the
S4 segment, including removal of two of
the gating charges, arginines 1 and 2 (R1
and R2). Remarkably, even after com-
pleting this exercise in molecular mini-
malism, the sensor still gates effectively
(Figure 1). Removal of the third gating
charge (R3) generates a channel that is
always open and can no longer gate, sug-
gesting that under the influence of an
electric field, the one remaining gating
charge (R4) is unable to bias the gate
toward its closed conformation. These
observations confirm that not all arginines
are required for gating (Gagnon andBeza-
nilla, 2009).
Extending these findings, the authors
probe the chemical and topological
requirements for the hydrophobic resi-
dues between the conserved gating
charges. First, by varying the length of
the hydrophobic ‘‘connectors,’’ they con-
clude that two residues is the optimal
length for VSD function. This is not
surprising, given that it is the only arrange-
ment observed in nature. More impor-
tantly, by mutating all residues between
the gating charges to a single type of
amino acid, the authors estimate the2, August 20, 2010 ª2010 Elsevier Inc. 515
Figure 1. Engineering a Minimal Voltage-Sensing Domain
(A) Voltage-dependent channels share a common structural blueprint formed
by the association between two structurally independent domains, a pore
domain and a voltage-sensing domain (VSD). The paddle motif consists of
a helix-turn-helix hairpin motif between segments S3 and S4 (green-blue loop).
(B) Structure of the Kv1.2 channel voltage-sensing domain (from PDB code
2R9R). Orange spheres identify the individual gating charges (R1–R4) at the
position of their respective Ca. Segment S4 is colored according to the hydro-
phobicity of the individual residues (blue, hydrophobic; red, hydrophilic).
(C) Sequential truncations and the minimal voltage-sensing domain.
A complete paddle motif includes four gating charges and moves charge (Q)
within the transmembrane voltage field between its resting (R) and activated
(A) conformations (left). Truncation of the top two gating charges (R1 and R2)
still allows near-normal gating (center). However, further elimination of R3
leads to a paddle motif unable to populate the resting state, generating
a voltage-independent channel (right).levels of hydrophobicity mini-
mally required for VSD func-
tion in the physiological
range. Their evidence con-
vincingly shows (from the
midpoints of activation and
charge movement) that the
channel becomes easier to
gate as connector hydropho-
bicity increases and suggests
that evolution has favored a
limited range of highly hydro-
phobic residues for efficient
VSD function.
One of the main conclu-
sions of the present work is
that although the minimal
voltage sensor is likely to be
a conserved scaffold, its func-
tion is not sequence depen-
dent (other than the require-
ment for the gating charges
and their spacing). This para-
doxical lack of residue com-
plementarities has also been
suggested by earlier studies
demonstrating that paddle
motifs are readily exchange-
able among voltage-depen-
dent channels, even for non-
channel VSDs (Bosmans
et al., 2008). Ultimately, this
principle is confirmed by
showing that an exchange of
the Shaker paddle for that of
a voltage-independent cyclic
nucleotide-gated channel
(CNGA1) produces a func-
tional voltage-gating channel.
It has been proposed thatchanges inVSDsecondary structureoccur
during voltage sensing (Clayton et al.,
2008; Khalili-Araghi et al., 2010; Long
et al., 2007), and the present study lays
the foundation for future experiments to
explore this possibility. Further, the work
challenges our notions of the dynamics
required to move the gate of an ion
channel. For instance, howmany a helices
are required to interact with the S4-S5
linker and the S6 segment? Importantly,
these findings need to be evaluated in the
context of other models of VSD dynamics.516 Cell 142, August 20, 2010 ª2010 ElsevieAnother important question relates to
the ability of the minimal VSDs to conduct
protons and other ions (the U current)
(Starace and Bezanilla, 2004; Tombola
et al., 2005). TheU current is mostly asso-
ciated with the first S4 arginine (R1), when
it is mutated to smaller hydrophobic
amino acids and is observed only when
S4 is at rest and the R1 position is deep
in the span of the membrane. In the
absence of R1 and R2 in the minimal
paddle, could the remaining two charges
play a role in ion translocation? Perhapsr Inc.voltage sensing and ion
translocation represent two
largely independent functions
carried out by the same VSD
scaffold.
Future studies should
investigate the role and con-
formation of the lipid bilayer
that surroundsaminimalVSD.
Removal of a large portion of
the VSD as achieved in this
study would be expected to
lead to local and perhaps
major rearrangements of the
lipid bilayer and the phospho-
lipids that physically interact
with the sensor domain.
Finally, these observations
may widen our notion of what
voltage-sensing proteins are.
With the ever-increasing
number of genomes avail-
able, the search for new types
of voltage sensors will benefit
greatly from an improved
definition of what features to
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